The use of pathogen genome sequence data for the control and management of infections remains an ongoing challenge. We describe a broadly applicable , web-enabled approach that can be used to develop bacteria-specific polymerase chain reaction (PCR) assays. Salmonella enterica Paratyphi A has emerged as a major cause of enteric fever in Asia. Culture-based diagnosis is slow and frequently negative in patients with suspected typhoid and paratyphoid fever , potentially compromising patient management and public health. We used the MobilomeFINDER web-server to perform in silico subtractive hybridization , thus identifying 43 protein-coding sequences (CDSs) that were present in two Paratyphi A strains but not in other sequenced Salmonella genomes. After exclusion of 29 CDSs found to be variably present in Paratyphi A strains by microarray hybridization and grouping of remaining CDSs by genomic location , four dispersed targets (stkF , spa2473 , spa2539 , hsdM) were used to develop a highly discriminatory multiplex PCR assay. All 52 Paratyphi A strains within the diverse panel investigated produced one of two pathognomonic four-band signatures. Given rapid and ongoing expansion of DNA and comparative genomics databases , our universally accessible web-serversupported do-it-yourself approach offers the potential to contribute significantly to the rapid development of species-, serovar-, or pathotype-specific PCR assays targeting pre-existing and emerging bacterial pathogens. (J Mol Diagn 2007, 9:624 -630;
The use of pathogen genome sequence data for the control and management of infections remains an ongoing challenge. We describe a broadly applicable , web-enabled approach that can be used to develop bacteria-specific polymerase chain reaction (PCR) assays. Salmonella enterica Paratyphi A has emerged as a major cause of enteric fever in Asia. Culture-based diagnosis is slow and frequently negative in patients with suspected typhoid and paratyphoid fever , potentially compromising patient management and public health. We used the MobilomeFINDER web-server to perform in silico subtractive hybridization , thus identifying 43 protein-coding sequences (CDSs) that were present in two Paratyphi A strains but not in other sequenced Salmonella genomes. After exclusion of 29 CDSs found to be variably present in Paratyphi A strains by microarray hybridization and grouping of remaining CDSs by genomic location , four dispersed targets (stkF , spa2473 , spa2539 , hsdM) were used to develop a highly discriminatory multiplex PCR assay. All 52 Paratyphi A strains within the diverse panel investigated produced one of two pathognomonic four-band signatures. Given rapid and ongoing expansion of DNA and comparative genomics databases , our universally accessible web-serversupported do-it-yourself approach offers the potential to contribute significantly to the rapid development of species-, serovar-, or pathotype-specific PCR assays targeting pre-existing and emerging bacterial pathogens. ( Typhoid and paratyphoid fevers caused by Salmonella enterica serovars Typhi, Paratyphi A, Paratyphi B, and Paratyphi C continue to pose significant public health problems in many parts of the world, especially in developing countries. 1 Given similar presentations, these conditions cannot be reliably distinguished on clinical grounds alone. 2, 3 In addition, major increases in the incidence of Paratyphi A infection have been noted recently, particularly in China, India, and Pakistan. 4, 5 Remarkably, studies in some geographic localities have shown that up to 64% of patients with culture-proven enteric fever are infected with S. Paratyphi A rather than S. Typhi strains. 4, 6 From a clinical, epidemiological, and infection control perspective, it is essential to gather accurate data on the precise etiological agent of enteric fevers because present day vaccines are effective against S. Typhi only and antibiotic susceptibility patterns between serovars potentially differ markedly from one locality to the next. Ideally, these data would guide the formulation of empirical and definitive treatment regimes, thus helping to minimize antimicrobial abuse and preserve the utility of these agents. This information is also central to considerations regarding prioritization of Paratyphi A vaccine development and would be invaluable in any subsequent implementation of targeted and/or large-scale immunization programs directed at prevention of enteric fevers.
Early diagnosis and prompt treatment with appropriate antimicrobial agents are crucial to reducing the morbidity and mortality associated with enteric fever. However, conventional diagnosis that relies on isolation of the pathogen from blood, bone marrow aspirate, and/or stool cultures and subsequent biochemical and serological testing of suspect isolates requires a minimum of 4 to 8 days for final identification. Furthermore, the likelihood of a positive blood culture declines significantly with delayed presentation or prior antibiotic use. Significantly, blood cultures have been shown to be negative in 40 to 80% of cases of PCR-confirmed typhoid. [7] [8] [9] However, there are no comparable data for Paratyphi A-associated infections. Prompt case detection and accurate epidemiological data are central to optimum public health control measures. Ominously, increasing incidence of multiantibiotic-resistant Typhi and Paratyphi A strains and/or those exhibiting reduced susceptibility to fluoroquinolones threaten to undermine the efficacy of empirical therapy regimens. 1, 10, 11 Early identification of the specific etiological agent and knowledge of local resistance patterns would be invaluable in guiding antimicrobial choice. Because fluoroquinolones are only indicated for the treatment of infections caused by susceptible strains, real-time gyrA mutation testing that identifies resistance-associated polymorphisms within the fluoroquinolone-target gyrase gene may also be feasible in wellresourced settings. 12, 13 We have used the MobilomeFINDER web server that we recently developed to exploit available Salmonella genome sequence information and microarray-derived comparative genomics data 14 to identify potential serovar-specific genes as targets in a novel Paratyphi A multiplex PCR (mPCR) assay. Our simple step-by-step approach is readily accessible to the broader community of medical technologists and clinicians and would facilitate rapid translation of genomics data into pathogen-specific PCR assays that yield highly predictive and/or diagnostic signatures for a wide range of pathogens.
Materials and Methods

Databases
Complete genome sequences of S. Paratyphi A strain ATCC 9150 (GenBank accession no. CP000026) 14 and four non-Paratyphi A strains, S. Typhi Ty2 (GenBank accession no. AE014613), 15 S. Typhi CT18 (GenBank accession no. AL513382), 16 S. Typhimurium LT2 (AE006468), 17 and S. Choleraesuis SC-B67 (GenBank accession no. AE017220), 18 were downloaded from GenBank. ATCC 9150 protein-coding sequence (CDS) annotation data were also extracted from GenBank. Publicly available contigs for 11 partially sequenced genomes were accessed online (Supplemental Table S1 , 14 -18 available at http://jmd.amjpathol.org). 19 
Determination of Salmonella Paratyphi A-Specific CDS
CDSs that were present in the ATCC 9150 genome but that were not represented within the available Salmonella genome sequence data derived from non-Paratyphi A strains (Supplemental Table S1 , see http://jmd. amjpathol.org) were selected using the GenomeSubtractor utility 20 found on our MobilomeFINDER 21 web server: http://mml.sjtu.edu.cn/ MobilomeFINDER/. GenomeSubtractor was used to perform a high-throughput BLASTN search, parse the resulting report, and generate a list of strain-specific CDSs. In brief, each annotated CDS was used as a query in a similarity search against each non-Paratyphi A genome sequence (reference genome) using BLASTN 22 and default NCBI BLASTN parameters, with the exception that F was set to F (no filter for repeated sequences). The stretch of sequence from the reference genome with the highest BLAST bit score for each query sequence was retrieved and a homology score (H value) calculated for each annotated CDS in turn. Bit scores are normalized values automatically produced by the BLAST algorithm that allow different alignments to be compared even when different scoring matrices have been used. In essence, the higher the bit score the more statistically significant the match (for details, see http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid ϭ handbook. section.614). The homology score we used had been proposed by Fukiya and colleagues 23 and reflected the degree of similarity between the matching reference genome sequence and the CDS itself in terms of the length of match and the degree of identity at a DNA level. For each query, the H value was calculated as H ϭ i ϫ l m /l 4 , where i was the level of identity of the region with the highest bit score expressed as a frequency of between 0 and 1, l m the length of the highest scoring matching sequence (including gaps), and l q the query length. If the BLASTN E value of the best-hit was Ն0.01, its H value was defined as zero. 23 A threshold value of H 0 ϭ 0.1 was chosen to select CDSs that had little or no similarity to sequences in the other genomes. All 4093 annotated ATCC 9150 CDSs were analyzed against the 4 completely sequenced and 10 partially sequenced nonParatyphi A genome sequences in turn (Supplemental Table S1, see http://jmd.amjpathol.org for details of genome sequences). If all resulting H values for a given ATCC 9150 CDS were Յ0.1, the CDSs were considered to be strainspecific with respect to the non-Paratyphi A genomes listed in Supplemental Table S1 (see http://jmd.amjpathol.org).
Oligonucleotide Primer Design
Oligonucleotide primers specific for each target ATCC 9150 CDS were selected using PrimerSelect (DNASTAR; Lasergene, Madison, WI). The program AutoDimer 24 was used to screen all four primer pairs for potential hairpin and primerdimer interactions. Candidate primers were then checked by BLASTN against the available Salmonella genome sequences to minimize the likelihood of nonspecific amplification from nontarget loci. Selected primer pairs were then tested using in silico uniplex-and mPCR assays with the PCR amplification and multiplex PCR programs, respectively, available at http://insilico. ehu.es/. 25 If in silico mPCR resulted in amplicons of the expected size only, the primer pair/set was considered to be specific. Details of primers used in this study are listed in Table 1 .
Bacterial Strains, Culture Media, and Serotyping
Fifty-two Paratyphi A strains from sporadic cases of enteric fever, 75 S. enterica subspecies enterica non-Paratyphi A strains, and 14 non-Salmonella bacterial strains were retrieved from glycerol stocks held at the University of Malaya (Supplemental Tables S2 to S4 , see http:// jmd.amjpathol.org). The Salmonella bacteria used in this study had been identified to genus, species, and serovar level by phenotypic, biochemical, and serological testing at source institutions and reference centers. In the event of ambiguous or incomplete data, serovar identity was verified and/or determined at the Salmonella Reference Centre, IMR, using standard methods as previously described. 26 Strains were routinely cultured on Luria-Bertani medium.
Uniplex and Multiplex PCR Conditions and Amplicon Sequencing
PCR amplification was performed in a total reaction volume of 25 l containing 1ϫ Promega buffer (Promega, Madison, WI), 2.5 mmol/L MgCl 2 , 200 mol/L of each dNTP, 2.5 U of TaqDNA polymerase (Promega), 0.4 mol/L of each primer and 5 l of DNA template. Genomic DNA template was prepared as follows. A single bacterial colony was picked, boiled in 50 l of water for 10 minutes, cooled on ice, and spun. Five l of the supernatant was used in the PCR assay. The PCR cycle comprised a 5-minute 95°C initial denaturation, followed by 30 cycles of 94°C for 30 seconds (denaturation), 57.6°C for 30 seconds (annealing), and 72.0°C for 1 minute (extension), and a final extension at 72.0°C for 10 minutes. Five-l reaction aliquots were resolved through a 1.5% agarose gel and DNA bands visualized after ethidium bromide staining.
Results
Selection of PCR Targets
All 4093 annotated CDSs within the S. Paratyphi A strain ATCC 9150 genome were downloaded from GenBank and screened for nucleotide sequence similarity against complete and partial Salmonella enterica subspecies enterica genome sequences (Figure 1) . Data for the following serovars were available: Typhi, Typhimurium, Choleraesuis, Paratyphi B, Dublin, Enteritidis, Gallinarum, and Pullorum. The genomes of a S. enterica subspecies S. diarizonae and a S. bongori strain were also used in this comparative screen (Supplemental Table S1 , see http://jmd. amjpathol.org). Forty-three ATCC 9150 CDSs had a maximum H value of Յ0.1 when compared with the non-Paratyphi A genomes. Because the H value ϭ 0 indicated no significant match and H value ϭ 1 reflected 100% DNA sequence identity throughout the full-length of the CDS (see Materials and Methods for details), these 43 CDSs were clearly unique to ATCC 9150. Furthermore, all 43 CDSs exhibited near identity (H value Ͼ0.98) to corresponding orthologues in the genome of a second Paratyphi A strain (Sanger Centre). We grouped the 43 CDSs into 11 sets of immediately contiguous genes using the ArrayOme program 27 and further rationalized these into six clusters by merging sets of contiguous CDSs separated by less than 10 kb on the ATCC 9150 genome (Supplemental Table  S5 , 14, 20, 22 see http://jmd.amjpathol.org).
Next, we examined the 43 ATCC 9150 CDSs against a previously reported comparative genomic hybridization dataset for ATCC 9150 and 12 other Paratyphi A strains that had been derived using a Salmonella multistrain (Typhimurium, Typhi, and Paratyphi A) nonredundant microarray ( Figure 1 ; Supplemental 14 and a smaller cluster containing eight CDSs that bore likely DNA replication-related genes. The remaining 14 CDSs were found to be present in all 13 Paratyphi A strains examined in the earlier study. These 14 CDSs mapped to four clusters of 7.0, 9.1, 0.6, and 1.8 kb in size that were located at genomic coordinates 0.2, 2.5, 2.6, and 4.4 Mb, respectively (clusters C1 to C4, Supplemental Table S5 , see http://jmd. amjpathol.org). Primers were designed to amplify an empirically selected CDS representative of each cluster (spa0180, spa2473, spa2539, and spa4289). spa0180 (stkF) and spa4289 (hsdM) had previously been reported to code for a putative fimbrial protein and DNA methyltransferase, respectively; 14 the remaining two CDSs coded for hypothetical proteins. Details of the primers used in this study are shown in Table 1 .
Multiplex PCR Analysis of Strains
Multiplex PCR conditions were selected after temperature gradient experiments and validation with ATCC 9150 and seven other well-defined Paratyphi A strains. As expected all eight Paratyphi A strains produced four bands. However, the size of the smallest band, presumed to be specific to spa0180, varied among strains. ATCC 9150 and three other strains yielded the expected 159-bp product, whereas the remaining four Paratyphi A strains produced a fragment of ϳ180 bp instead ( Figure 2B; lanes 3, 4, 7, and 8 ). This larger fragment was also amplified using uniplex-PCR targeting spa0180 alone (data not shown).
We then tested this mPCR assay against 52 Paratyphi A and 75 S. enterica subspecies enterica non-Paratyphi A strains that had been previously characterized by API identification and Salmonella serotyping. The assay was defined as diagnostic of Paratyphi A when the three larger specific fragments and either the159 bp or ϳ180 bp were seen. Using these criteria, the Paratyphi A mPCR assay correctly identified all 52 Paratyphi A strains and demonstrated a specificity of 100%. None of the non-Paratyphi A strains produced more than two bands, with the vast majority resulting in the amplification of either 0 or 1 band only. The 159-bp band, corresponding to the spa0180 target, was the most frequently observed product, detectable in 30 of 75 non-Paratyphi A Salmonella strains tested. In the 11 instances in which two or more representatives of a nonParatyphi A serovar were tested, results for all four targets were concordant across the serovar. None of the 14 nonSalmonella bacteria tested produced detectable amplicons. Full details are available in Supplemental Tables S2 to S4 (http://jmd.amjpathol.org).
Paratyphi A-Associated spa0180 Polymorphism
The spa0180 CDS that codes for a 199-amino acid protein had been annotated as the putative fimbrial protein gene stkF.
14 Because the mPCR assay resulted in an ϳ180-bp band instead of the expected 159 bp in 11 of 52 Paratyphi A strains, we partially sequenced the ϳ180-bp amplicon from two such Paratyphi A strains isolated at 14 These 14 CDSs were mapped to the ATCC 9150 genes using ArrayOme 27 and rationalized into four clusters. Paratyphi A-specific CDS label colors denote the coding strand. The in silico multiplex PCR output was generated with primers designed to target four disparately located CDS: http://insilico.ehu.es/multiplex_PCR/. distinct geographic localities (TKL008 and TKL025). The data confirmed these amplicons as spa0180-specific and demonstrated the presence of a 26-bp insertion toward the start of the structural gene that disrupted the reading frame and resulted in a premature stop at codon position 47 (Figure 3) . The insertion was identical in the two strains and lay immediately adjacent to an identical 26-bp stretch of sequence in the native Paratyphi A ATCC 9150 spa0180 gene, giving rise to a perfect tandem repeat within the mutant form (spa0180v) of this gene (Figure 3) .
Discussion
An in silico subtractive hybridization strategy was used to identify CDSs that were unique to two Paratyphi A strains but not to the other available Salmonella genomes. A similar BLASTN-based subtraction approach has been used to identify signature genes and/or nucleic acid sequences specific for particular bacteria. 28, 29 However, to the best of our knowledge this is only the third time that both in silico subtraction and microarray-based genome profiling have been used to develop a highly specific PCR assay for any bacterium. 30, 31 It is important to note that the streamlined, multistep, generic approach that we report is supported by the publicly available MobilomeFINDER web server 21 that facilitates among other analyses PCR target identification, physical mapping of targets to the source genome, primer design and in silico PCR validation. An online tutorial that we aim to develop further in response to user comments is also provided via this site.
Our highly discriminatory four-target mPCR assay accurately identified all 52 Paratyphi A strains among 127 S. enterica strains (32 serovars) and 14 non-Salmonella bacteria with there being no false-positive identifications. An innovative feature of our assay is the targeting of multiple independent CDSs to detect and identify a single type of bacterium. In an era of genomics and bioinformatics, the use of multiple targets offers three major advantages. First, in the case of Salmonella, with more than 2000 distinct serovars, it would not be practical to experimentally validate an assay against the vast majority of serovars; hence, on purely probabilistic grounds, a test based on only one target would be much more likely to lead to misidentification than one based on a complex multiband signature. Indeed, when a larger panel of Salmonella bacteria were investigated, no single target was 100% specific for Paratyphi A (Supplemental Tables S2 and S3, diagnostic DNA sequences are selected to permit differentiation between closely related bacteria, it is likely that these constitute part of the potentially unstable accessory genome. The accessory genome comprises a strain's complement of horizontally acquired DNA as opposed to core DNA that is common to all members of the species. If so, a uniplex-PCR assay validated against a panel of contemporary strains may prove to be less robust when field tested throughout a decade or more, whereas an mPCR assay could be more resilient in the face of genome degradation and/or remodeling provided less stringent signatures were still accepted as proof of identity. Third, the use of multiple dispersed targets that were known on the basis of available genome data to be restricted to a single type of bacterium negates the need to assay a large panel of nontarget organisms to ascertain specificity as the probability of a pathognomonic multiband signature being produced by nontarget bacteria would approach zero.
The MobilomeFINDER-facilitated approach that we describe could also be used to identify and map multiple noncoding sequence targets. However, in this study we chose to target CDS specifically, and not noncoding sequences, because we hypothesized that coding genetic material that had previously been shown to be conserved across 13 Paratyphi A strains 14 would be far more likely to be conserved than seemingly nonsense noncoding sequences that may have exhibited significant single nucleotide polymorphisms and/or other minor mutations across the broader population of strains.
Hirose and colleagues 32 had previously used a traditional phenotype-gene association strategy to develop an mPCR assay that identified Typhi and Paratyphi A strains by selective amplification of five O, H, and Vi antigen genes. In their assay, selective amplification of the O-antigen-related tyv (rfbE) gene of Typhi strains, but not that of Paratyphi A strains, resulted from minor sequence polymorphism rather than the absence of this gene in strains of the latter serovar (for further details, see Supplemental Table S6 , available at http://jmd.amjpathol.org).
In this study, using an entirely distinct approach to that of Hirose and colleagues, 32 we developed an mPCR assay that produced one of two distinct but highly characteristic four-band signatures, each of which was diagnostic of S. Paratyphi A. Concordant mPCR results for all Paratyphi A strains tested supported their clonal nature, although the observed spa0180 polymorphism suggested the possibility of two distinct lineages. However, given the closely spaced 10-bp direct repeats in spa0180 (Figure 3) , slipped-strand mispairing would seem to be a likely mechanism, suggesting independent mutation events instead. 33 Because this type of mutation is frequently reversible, an alternative hypothesis would be that the observed polymorphism reflected low-frequency switching between the two spa0180 alleles (Figure 3 ). The spa0180 (stkF) gene is part of a Paratyphi A-specific fimbrial gene cluster (stkABCDEFG) that exhibits sequence and organizational similarity to a poorly characterized cluster in several Escherichia coli and Salmonella strains 14 (K.R. and H.-Y.O., unpublished data). StkA is presently annotated as a major fimbrial subunit protein, 14 whereas the E. coli MG1655 orthologue of StkF (YadK) has been labeled as a predicted adhesin-like protein (GenBank accession no. AAC73247), although neither of these assignments has been experimentally verified. The observed 26-bp intragenic duplication event may be mediating a form of phase switching or immune evasion 34 by turning off a key fimbrial structural gene. In E. coli and several other Enterobacteriaceae, fimbrial phase switching is primarily governed by an invertible fimA promoter-bearing fragment. 35 However, this is not the case with Salmonella in which complex, multigene, transcriptional and translational mechanisms that vary from fimbrial operon to fimbrial operon seem to function. [35] [36] [37] Significantly, there are no reports of programmed sequence duplication-based gene disruption in Salmonella or other Enterobacteriaceae. Further investigation of the Paratyphi A stk gene cluster and the proposed fimbrial switching model is warranted, particularly given the demonstrated role in virulence of several Salmonella fimbrae. 38, 39 The fortuitous inclusion of stkF in our assay highlighted a further potential dividend of a mPCR approach; had this target been excluded, a common S. Paratyphi A genetic polymorphism would have gone undetected. Given the observed wider distribution of stkF (Supplemental Table S3 , see http://jmd.amjpathol.org), the phase variation model that we propose could equally apply to Stk appendages in many other S. enterica serovars.
In conclusion, using a bioinformatics-led translational genomics approach, we have fast-tracked the development of a Paratyphi A-specific mPCR assay that would permit same-day identification of suspect bacterial isolates. Our approach could also be used to develop broad, highly discriminatory mPCR tests targeting many distinct pathogens in a single assay. Diagnostic and/or prognostic assays that detect 20 or more targets could conceivably be tailored to take account of local epidemiology, identify emerging pathogens or noxious genes, and/or address particular disease syndromes. Luminex xMAP 40 or equivalent high-plex technologies promise to make such assays viable once current logistical challenges are addressed. 13, 41 We are currently developing a combined Typhi/Paratyphi A/pan-Salmonella mPCR assay for direct testing of blood, fecal, food, and environmental specimens to expedite detection of Salmonella and permit rapid clinically relevant serotype differentiation. Such an assay would significantly increase the number of laboratory-confirmed cases of nontyphoidal Salmonella, Typhi, and Paratyphi A infection, the last of which represents a major emergent disease in several parts of Asia. Given the rapid and ongoing expansion in DNA, genome sequence, and microarray-derived comparative genomics data, the approach we have taken offers the potential to radically transform the development of species-, serovar-, or pathotypespecific PCR assays targeting pre-existing and emerging pathogens. 28, 30, 42 
